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Microtubules (MTs) are essential for many processes in plant cells. MT-associated proteins (MAPs) influ-
ence MT polymerization dynamics and enable them to perform their functions. The molecular chaperone
Hsp90 has been shown to associate with MTs in animal and plant cells. However, the role of Hsp90-MT
binding in plants has not yet been investigated. Here, we show that Hsp90 associates with cortical MTs
in tobacco cells and decorates MTs in the phragmoplast. Further, we show that tobacco Hsp90_MT binds

IC(eJl’(‘i"’WdS-' directly to polymerized MTs in vitro. The inhibition of Hsp90 by geldanamycin (GDA) severely impairs MT
H(:fat—shock rotein 90 re-assembly after cold-induced de-polymerization. Our results indicate that the plant Hsp90 interaction
Microtubule[; with MTs plays a key role in cellular events, where MT re-organization is needed.

Tobacco © 2012 Elsevier GmbH. All rights reserved.
Tubulin

Introduction Mellet et al., 2007), or by interaction with other binding proteins,

Microtubules (MTs) are highly dynamic polymers that are essen-
tial for cell growth, morphogenesis, development and signaling of
plant cells (for a review, see Lloyd and Chan, 2004). During the
plant cell cycle, MTs form characteristic arrays that are organized
by dynamic disassembly and re-assembly of MTs in combination
with movements of polymers. The microtubular dynamics are reg-
ulated by several specific microtubule-associated proteins (MAPs,
for a recent review on plant MAPs see Hamada, 2007). In addi-
tion to dynamics, severing, and sliding of microtubular polymers,
specific MAPs mediate the interaction of MTs with cellular com-
partments or organelles. The interaction of interphasic cortical MTs
with the plasma membrane, for example, is mediated by phospho-
lipase D (Gardiner et al., 2001), and the endoplasmic reticulum is
co-aligned with MTs by formin FH4, suggesting a further role of
FH4 at the interface of the actin and microtubular cytoskeleton
(Deeks et al., 2010). In addition to a group of MT-binding pro-
teins highly conserved in all eukaryotic cells, some binding proteins
differ considerably between plant and non-plant cells, correlating
with specific functions of plant MTs. Interestingly, the affinity of
binding proteins is not very pronounced in many cases. It can be
regulated by oligomerization, as shown for plant katanin (Stoppin-

Abbreviations:  EPC, ethyl-N-phenylcarbamate; GDA, geldanamycin; MAP,
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as found for the so-called +TIPs, i.e. the complex at the growing MT
plus-end that regulates the microtubular elongation process (for
arecent review, see Akhmanova and Steinmetz, 2008). The highly
dynamic and combinatorial activity of some plant MAPs renders
functional analysis difficult, because proteins that do not show pro-
nounced affinity and/or specificity in vitro can act in vivo in concert
with other proteins as specific key regulators. Such proteins that
are sufficiently plastic to interact with several substrates are never-
theless expected to be very important for the control of plant MTs
organization. In fact, the plant chaperone CCT (Nick et al., 2000),
and heat-shock protein 90 (Freudenreich and Nick, 1998; Petrasek
et al., 1998) were shown to interact with MTs in addition to other
MT-independent functions.

Hsp90 is a highly conserved molecular chaperone essential for
protein folding and stability in eukaryotic cells. In animals, many
Hsp90 substrates, including proteins, involved in signal transduc-
tion and cell development have been described (Wegele et al.,
2004). In plants, Hsp90 is essential for the stress response triggered
by resistance proteins (R-proteins, Boter et al., 2007; Takahashi
et al,, 2003), and is involved in MAP kinase cascades (Takabatake
et al,, 2007). Since Hsp90 predominantly mediates the shift of reg-
ulatory and signaling proteins between active and inactive states
(Rutherford and Zuker, 1994), it acts at the interface of several
developmental pathways (Rutherford and Lindquist, 1998).

Among other proteins, the cytoskeletal proteins actin and tubu-
lin have been reported as interactors of Hsp90 (Koyasu et al., 1986;
Sanchez et al., 1988; Wegele et al., 2004). The interaction of Hsp90
with MTs seems to play animportant role in eukaryotic cells, and its
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functional importance is illustrated by a growing body of evidence
in animal cells. The interaction of Hsp90 with MTs is very com-
plex and occurs at least at four levels in animals. Hsp90 interacts
with tubulin dimers in animal cells (Sanchez et al., 1988; Weis et al.,
2010) as well as with assembled MTs (Fostinis et al., 1992; Williams
and Nelsen, 1997). Hsp90 is also a part of the heterocomplex asso-
ciating with MTs during nuclear transport of steroid hormones
(Harrell et al., 2002; Pratt et al., 1999), and strikingly, Hsp90 is a
core component of the centrosome (Lange et al., 2000), where it
is involved in the recruitment of other centrosome-associated pro-
teins (Basto et al.,2007; Glover, 2005) and contributes to the proper
functioning of the centrosome (de Carcer et al., 2001).

Although the interaction of Hsp90 with MTs is well documented
in animal cells, the functional link between these different events
has remained obscure. In plants, the interaction of Hsp90 with
MTs has been poorly investigated thus far. Searching for MAPs
involved in plant growth regulated by light, a heat-stable pro-
tein was isolated from maize coleoptiles (Nick et al., 1995). One
of these proteins was later identified as a member of the Hsp82/90
family. Hsp90 was found to co-localize with cortical MTs, the pre-
prophase band (PPB) and phragmoplasts in tobacco VBI-0 cells
(Petrasek et al., 1998) and was shown to co-assemble with MTs
in vitro (Freudenreich and Nick, 1998).

Here, we report that plant Hsp90 is enriched in interphasic
MT preparations from both non-cycling rice coleoptiles as well
as from cycling tobacco BY-2 cells, and is associated with tubu-
lin. Hsp90 binds directly to in vitro polymerized MTs and decorates
MTs in vivo. Overexpression of Hsp90 in BY-2 cells has no phe-
notypic effect except for a mild decrease in the sensitivity to the
tubulin-sequestering compound oryzalin. However, when Hsp90
activity is inhibited by geldanamycin (GDA), the recovery of corti-
cal MTs following cold-induced elimination is impaired, suggesting
that Hsp90 is required for the plastic re-organization of plant MTs.

Materials and methods
Plant material

The tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright Yellow
2, BY-2 (Nagata et al., 1992)) and rice seedlings were cultivated as
described previously by Jovanovic et al. (2010).

Quantification of mitotic index and response to GDA

Geldanamycin (GDA, Serva) was dissolved in DMSO (stock solu-
tion 1.78 mM). GDA was added directly from the stock solution to
cultivation medium to reach the final concentration. For long-term
GDA treatment, cells were supplemented with 1.78 wM GDA at day
1 after subcultivation and cultivated for an additional 2 days at
26°C.

To determine the mitotic index, cells at day 1 after sub-
cultivation were supplemented with 178nM or 1.78 uM GDA,
collected 12, 24, 36, and 48h after GDA addition and fixed
in Carnoy fixative (3:1 (v/v) 96% (v/v) ethanol:acetic acid
(Campanoni et al., 2003)). Subsequently, they were stained with
2'-(4-hydroxyphenyl)-5-(4-methyl-1-piperazinyl)-2.5'-bi(1H-
benzimidazole) trihydrochloride (Hoechst 33258, Sigma-Aldrich,
final concentration 1 wgmL~') and scored under a fluorescence
microscope. At least 1200 cells were counted for each sample.

For tests of microtubule (MT) recovery, cells were incubated for
1h at 0°C in the presence or absence of 178 nM or 1.78 uM GDA
and subsequently transferred to 26 °C for 5 min. After immunoflu-
orescent staining of MTs, more than 100 cells in at least 6 optical
fields were counted for fully, partially or no recovered MTs.

Isolation of membrane ghosts

Protoplasts from BY-2 tobacco cell suspension culture were
obtained as described by Sonobe and Takahashi (1994). Briefly,
the cell wall of 3-day-old BY-2 cells was removed by digestion in
1% cellulase (cellulase “Onozuka” R-10, Yakuruto Honsha Co., Ltd.,
Japan) and 0.1% pectolyase Y-23 (Kyowa Chemical Products Co.,
Ltd., Osaka, Japan), supplemented with 0.45 M mannitol, for 3-4.5 h.
Protoplasts were overlaid onto the growth medium supplemented
with 0.4 M sucrose and centrifuged at 200 x g for 10 min. Floating
protoplasts were collected, filtered through a nylon mesh (mesh
diameter 100 wm), re-suspended in wash buffer [10 mM PIPES (MP
Biomedicals, LLC, USA), 100 mM KCl, 285 mM mannitol, pH 6.8],
and allowed to attach for 3 min to poly-L-lysine (Sigma-Aldrich,
St Louis, MO, USA) coated Petri dishes (diameter 19-19.5 cm) for
further protein isolation, or to poly-L-lysine coated coverslips for
immunostaining of MTs. Protoplasts were then lysed by incubation
for 2 min in lysis buffer (7 mM PIPES, 2 mM EGTA, 10 mM MgCl,,
1% DMSO, 6 mM DTT, 300 wuM PMSF, pH 6.9 adjusted with KOH)
and a subsequent quick-flick movement. Lysed protoplasts were
briefly washed with extraction buffer (25 mM MES, 5 mM EGTA,
5mM MgCl,, 1M glycerol, pH 6.9 adjusted with KOH) supple-
mented with additives (100 wM GTP, 100 wM DDT, 100 M PMSF,
100 wM Aprotinin, 100 wM Leupeptin, 100 wM Pepstatin) diluted
1:100.

Isolation of proteins from membrane ghosts

Proteins from membrane ghosts were extracted for 1h with
0.5% CHAPS (MP Biomedicals, Inc., USA) in extraction buffer sup-
plemented with additives in Petri dishes swaying on ice. Proteins
were collected, centrifuged at 100 000 x g at 4 °C for 30 min, and the
supernatant was concentrated using a Vivaspin 4 filtration column
(10000 MWCO, Vivascience, USA).

MT co-sedimentation assay

10 pg L1 bovine brain tubulin (cat. no. TL238, Cytoskeleton,
Inc., USA) in PEM buffer (100 mM PIPES, 1 mM MgCl,, 1 mM EGTA,
pH 6.8 adjusted with KOH) was diluted 1:1 with PEMgly (20%
(v/v) glycerol in PEM buffer) supplemented with 2 mM GTP and
incubated at 35°C for 20 min. 40 wM taxol and 1 mM GTP in pre-
warmed (35°C) PEM buffer was added and MTs were mixed with
membrane ghost-extracted proteins or recombinant NtHsp90_MT,
supplemented with 8 WM taxol and the solution was incubated
at 28°C for 1h. To test the inhibition of its MT-binding activ-
ity, the recombinant NtHsp90_MT was supplemented by 1.78 uM
GDA and incubated with polymerized tubulin at 37°C to pre-
vent excessive depolymerization. MTs were overlayed on the 20%
sucrose cushion in extraction buffer containing protease inhibitors
and sedimented by centrifugation at 100000 x g at 25°C for 1h.
MTs with bound microtubule-associated proteins (MAPs) in the
sediment were precipitated with trichloracetic acid (Bensadoun
and Weinstein, 1976), separated on SDS-PAGE acrylamide elec-
trophoresis (Laemmli, 1970) and MALDI analysis was used to
identify isolated proteins.

Because some amount of unpolymerized tubulin remained in
the sample even after the polymerization step, an additional step,
in which unpolymerized tubulin was removed by centrifugation
at 100000 x g at 28°C for 30 min, was added in some cases. The
polymerized tubulin found in the pellet was resuspended again in
pre-warmed (37 °C) PEM buffer supplemented with 40 uM taxol
and 1mM GTP prior to the incubation with recombinant pro-
tein.
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Ethyl-N-phenylcarbamate (EPC) affinity chromatography and
taxol-induced MT co-sedimentation of MAPs

The EPC affinity chromatography was performed as described
by Wiesler et al. (2002). Briefly, carboxy-ethyl-N-phenylcarbamate
was synthesized as described by Mizuno et al. (1981), and coupled
to sepharose 4B (Amersham-Pharmacia, Freiburg, Germany) that
had been extended by an aminoethyl linker (Cuatrecasas, 1970). For
soluble protein extraction containing tubulin, the rice coleoptiles
were ground by a mortar and pestle in liquid nitrogen. The pow-
der was mixed 1:1 with MT-stabilizing extraction buffer (MSEB:
25mM MES, 5mM EGTA, 5mM MgCl,, 1M glycerol, 1mM DTT,
1 mM phenylmethylsulphonyl fluoride, pH 6.9) and centrifuged at
13000 x g for 5min to remove insoluble tissue debris. After sub-
sequent ultracentrifugation (10 min at 300 000 x g, 4°C; Beckman,
USA, TL-100, rotor TLA 100.2), the protein extract was incu-
bated with the same volume of EPC-sepharose pre-equilibrated
with MSEB to bind a-tubulin to EPC. Fractions containing pro-
teins bound to a-tubulin were obtained according to Freudenreich
and Nick (1998), precipitated with trichloracetic acid (Bensadoun
and Weinstein, 1976), separated on SDS-PAGE acrylamide elec-
trophoresis (Laemmli, 1970) and MALDI analysis was used to
identify the bound proteins.

The taxol-induced co-sedimentation of MAPs was performed as
described by Vantard et al. (1991).

Cloning NtHsp90_MT and OsHsp90_MT for fusion protein
expression

mRNA was isolated from 3-day-old BY-2 cells (Qia-
gen RNAeasy kit, Qiagen, Germany) and followed by RT
PCR. Full length cDNA of NtHsp90_MT was amplified using
primers F5'-GGATCCAATGGCGGAGGCAGAGACG-3/; R5'-
AAGCTTTTAGTCAACTTCCTCCATCTT-3’ and inserted into the
pDrive cloning vector (Qiagen, Germany). The BamHI-Xhol frag-
ment containing full-length NtHsp90_MT was cloned into the 0129
pGreen vector, containing Aph IV gene providing hygromycin
resistance (Hellens et al., 2000), modified by the insertion of
CaMV 35S promoter, EGFP for N-fusion and nopalin synthase (NOS)
terminator into multi-cloning site (Fischer et al., unpublished).
For stable transformation, Agrobacterium tumefaciens strain C58C1
carrying the helper plasmid pSoup with a tetracyclin resistance
gene (tet), and the plant binary vector pGreen0129 were used. The
stable transformation was performed as described by Nocarova
and Fischer (2009).

Plasmids for stable transformation encoding GFP-OsHsp90_-MT
were constructed via Gateway-based cloning as follows. Primers
attB1l  5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCCTCG
GAGACGGAGACGTTC-3’ and attB2 5'-GGGGACCACTTTGTACAAG
AAAGCTGGGTCTTAGTCGACCTCCTCCATCTTGCTC-3" were used for
full length cDNA amplification from rice coleoptiles mRNA, isolated
by using Qiagen RNAeasy kit (Qiagen, Germany). Cloning was per-
formed according to Gateway Technology. Stable transformation
was performed as described elsewhere (Frey et al., 2009).

Cloning, expression and purification of recombinant
NtHsp90_-MT

For recombinant protein expression, full length NtHSP90_MT
was amplified using primers flanked by Sall and Xhol restric-
tion sites, respectively: F 5'-GTCGACATGGCGGAGGCAGAGACG-3/;
R 5'-CTCGAGTTAGTCAACTTCCTCCATCTT-3, and inserted into the
pET28b overexpression vector (Novagen Inc., Darmstadt, Germany)
for introduction of the N-terminal polyhistidine tag. Expression of
His-NtHsp90_MT was performed as described by Frey et al. (2009).

Phylogenetic analysis and multiple sequence alignment

The evolutionary history was inferred using the Neighbor-
Joining method over cytosolic Hsp90s from Solanaceae, Arabidopsis
thaliana, Vitis vinifera and rice (Saitou and Nei, 1987). The bootstrap
consensus tree inferred from 500 replicates (Felsenstein, 1985) is
taken to represent the evolutionary history of the taxa analyzed
(Felsenstein, 1985). Branches corresponding to partitions repro-
duced in less than 50% of the bootstrap replicates are collapsed. The
percentages of replicate trees in which the associated taxa clustered
together in the bootstrap test (500 replicates) are shown next to the
branches (Felsenstein, 1985). The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances were
computed using the Poisson correction method (Zuckerkandl and
Pauling, 1965) and are in the units of the number of amino acid
substitutions per site. All positions containing gaps and missing
data were eliminated from the dataset (Complete deletion option).
There were a total of 687 positions in the final dataset. Phylogenetic
analyses were conducted in MEGA4 (Tamura et al., 2007).

Visualization of MTs

For immunostaining of MTs in membrane ghosts, poly-L-lysin
coated coverslips with membrane ghosts were fixed in 3.7% PFA
(Serva, Mannheim, Germany) in MT-stabilizing buffer (MSB, 50 mM
PIPES, 2mM EGTA, 2mM MgSOy4, pH 6.9 adjusted with KOH) for
1 h, washed with MSB 3 x 10 min, pre-incubated with 0.5% BSA (MP
Biomedicals, Inc., USA) in PBS (NaCl 8 gL~1; KCl1 0.2gL~1; KH,PO4
0.158 gL~1; NaHPO4-12H,0 2.31gL-1) for 30 min and incubated
with monoclonal mouse anti-a-tubulin DM1A (Sigma-Aldrich, St
Louis, MO, USA) diluted 1:1000 in PBS for 45min at RT. After
subsequent washing with PBS (3x 10 min), incubation with TRITC-
conjugated anti-mouse antibody diluted 1:200 in PBS for 45 min at
RT followed. Finally, membrane ghosts were washed (2x 10 min)
with PBS, embedded in 50% glycerol in PBS and observed under a
confocal scanning microscope.

The immunostaining of MTs in BY-2 cells was performed as
described by Schwarzerova et al. (2006) using DM 1A as the primary
antibody.

Microscopy

The samples were examined on a TCS NT Leica confocal scan-
ning microscope (Leica Microsystems Heidelberg GmbH) using a
63 x water immersion objective with 1.2 numerical aperture (HCX
PL APO ibd.BL 63.0x/1.2W), a He/Ne laser for GFP observation
(excitation at 488 nm, emission 500-560nm) and a Ar/Kr laser
for TRITC-stained MTs observation (excitation at 543 nm, emission
600-700 nm). Sequential scanning was used for double-stained
samples. Image processing was performed using Leica Lite software
(Leica Microsystems Heidelberg GmbH).

The samples for mitotic index quantification were examined
under an Olympus PROVIS AX 70 fluorescence microscope (Olym-
pus Optical Co., Ltd., Japan) using a 10x objective (UplanApo
10x/0.40) and U-MWU (excitation at 330-385 nm and emission at
420 nm) for mitotic index determination. For observation of cyto-
logical changes, the cells were examined in differential interference
contrast (DIC) using 20x objective (UplanApo 20x/0.70).

Accession numbers

Sequence data from this article have been deposited at
UniProt/GenBank data libraries under accession numbers:
A2YWQ1 and HQ834904.
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Fig. 1. Isolation of cortical MTs-interacting heat-shock protein 90. (A) Protein profiles of soluble extracts from non-cycling rice coleoptiles eluted with KCl from ethyl-
N-phenylcarbamate (EPC) affinity chromatography column. Eluted proteins were separated by SDS-PAGE and stained by Coomassie Blue. An arrow shows the band
corresponding to OsHsp90_MT that was identified by MALDI-TOF analysis. The inset shows the principle of the method. (B) Protein profiles of non-cycling rice coleop-
tiles isolated using microtubule co-sedimentation method. Syaps — putative MAPs co-assembled with microtubules and detached from the microtubular precipitate (Pyrs) by
0.7 M NaCl treatment, the arrow shows OsHsp90_MT (identified by MALDI-TOF analysis). The bracket indicates tubulin, M - size marker. (C) Profiles of proteins solubilized from
membrane ghosts from BY-2 cells (MG). Taxol-stabilized MTs before the addition of membrane ghost extract (MTs). Protein profiles solubilized from membrane ghosts and
co-sedimented with taxol-stabilized MTs (Syaps ). M - size marker. Hsp90 as MT-interacting protein identified by MALDI-TOF (arrowhead). Inset shows immunofluorescence

visualization of cortical microtubules on membrane ghosts. Scale bar: 30 wm.

Results
Hsp90 is co-purified with tubulin from cortical MTs

To gain insight into the role of cortical microtubular arrays, MT-
binding proteins from cortical MTs were isolated. To ensure that the
cortical MT preparations were not contaminated by mitotic arrays,
three different approaches were used. First, cytoskeletal extracts
from rice coleoptiles devoid of dividing cells were generated. From
these extracts, MAPs were purified either by affinity to a-tubulin-
binding herbicide ethyl-N-phenylcarbamate (EPC) (Fig. 1A) or by
taxol-induced MT co-sedimentation (Fig. 1B). Second, cortical MTs
were separated from mitotic arrays in cycling tobacco BY-2 cells by
preparation of membrane ghosts (Fig. 1C, inset). The proteins sol-
ubilized by the non-ionic detergent CHAPS from these membrane
ghosts were then co-sedimented with MTs (Fig. 1C). The proteins
co-purified with cortical MTs through these three approaches were
separated by SDS-PAGE and identified by MALDI-TOF.

To identify interesting candidates from non-cycling rice cells,
the protein spectra identified from the EPC-affinity approach
(Fig. 1A) and the taxol-co-sedimentation approach (Fig. 1B) were
compared. Among the number of identified proteins (Supplemental
Fig. S1), Hsp81-1 (Swissprot accession A2YWQ1, subsequently
termed as OsHsp90_MT) was identified in both protein fractions
(Fig. 1A and B, arrowheads).

To identify interesting protein candidates from cycling tobacco
BY-2 cells, the protein set interacting with both plasma mem-
brane and MTs was compared to the total protein set extracted
from tobacco membrane ghosts (Fig. 1C). Among the MT-specific
proteins (Supplemental Fig. S1), the Nicotiana tabacum homolog
of N. benthamiana heat-shock protein 90 (subsequently termed
as NtHsp90_MT, see hereafter, NCBI accession HQ834904, Fig. 1C,
arrowhead) was identified. Thus, three independent approaches
searching for proteins associated with cortical MTs yielded a mem-
ber of the heat-shock protein 90 family in both the monocot rice
as well as in the dicot tobacco. This Hsp90 protein was termed
OsHsp90_MT and NtHsp90_MT to specify the particular Hsp90 iso-
form that was isolated, cloned and expressed in our experiments.

MT-binding Hsp90 harbors a specific KE-rich repeat
Both MT-binding Hsp90 proteins from tobacco and rice harbor

characteristic features of cytoplasmic Hsp90 (Fig. 2A). This includes
the highly conserved N-terminal ATP-binding pocket that is

important for the activation of client proteins (Grenert et al., 1999;
Pearl and Prodromou, 2000) and is also a target of the inhibitors
GDA and radicicol (Neckers et al., 1999; Pearl and Prodromou,
2000; Prodromou et al., 1997; Sharma et al., 1998; Stebbins et al.,
1997). Further, the cytosolic Hsp90 proteins contain the conserved
putative casein-kinase II binding motif KEISDDE, the C-terminal
MEEVD motif mediating the binding of co-chaperones such as p60
(Krishna and Gloor, 2001; Meyer et al., 2003), and immunophilins
(Young et al., 2001), and ten conserved sequence blocks diagnostic
for cytosolic Hsp90 species (Krishna and Gloor, 2001). Hsp90s are
generally highly conserved and alignments of the two MT-binding
Hsp90 proteins with other cytosolic Hsp90 from Solanaceae, Ara-
bidopsis thaliana, Vitis vinifera and rice revealed about 90% identity
(data not shown). When a phylogeny was constructed over these
sequences based on a neighbor-joining algorithm (Fig. 2B), the two
MT-binding Hsp90 accessions clustered with type II-IV of cytoplas-
mic Hsp90s following the classification of Krishna and Gloor (2001),
whereas lower similarity was found for Hsp90 of type I. The main
differences among the Hsp90 proteins were located in two variable
stretches that are rich in glutamic-acid residues (the variable KE-
rich regions, Fig. 2A and C) and that are thought to mediate rapid
interactions with client proteins (Cadepond et al., 1994; Smith,
1993). Both regions contain a charge signature, where positive (K)
and negative (E, D) charges follow in several repeats, as shown for
the first region (Fig. 2C). Similar KE-containing-repeats have been
found to mediate MT-binding in the neural MAP1B (Noble et al.,
1989), and have been inferred to mediate the binding of tubulin
in the plant MAP AtMAP18 (Wang et al., 2007) and in adenoma-
tous polyposis coli (Deka et al., 1998; Moseley et al., 2007). In these
two KE-rich regions, both MT-binding Hsp90 proteins share around
40% identity with AtMAP18 (data not shown), and their similarity
with AtMAP18 is higher than with type I Hsp90 proteins (Fig. 2D).
However, the prediction of the MT-binding region of Hsp90_MTs is
currently based only on alignments and needs to be experimentally
verified using truncated proteins.

Purified recombinant Hsp90_MT binds directly to polymerized
tubulin in vitro

To test whether NtHsp90_MT can bind to MTs per se, the pro-
tein was expressed recombinantly as a fusion with a His-tag in
Escherichia coli, strain BL21(DE3).RIL, using the pET28 vector. The
His-tag fusion protein was purified on a Ni-NTA resin column and
subsequently analyzed in vitro for binding to MTs. After incubation
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Fig. 2. Microtubule-binding Hsp90s harbor a specific KE-rich repeat. (A) Both tobacco and rice microtubule-binding Hsp90s contain characteristic features described in other
cytosolic Hsp90s (for details, see Results): N-terminal ATP and geldanamycin (GDA) binding site (green), putative casein-kinase II (CKII) binding motif KEISDDE (yellow) and
C-terminal MEEVD motif mediating the binding of co-chaperones such as p60 (orange). Differences between the different Hsp90 proteins are mainly located in two variable
stretches that are rich in K and E amino acid residues (red). (B) A phylogeny constructed over cytosolic Hsp90 sequences shows the clustering of the two microtubule-binding
proteins (NtHsp90_MT, OsHsp90_MT, red dots) with type II-1V cytoplasmic Hsp90 and not with the type I Hsp90. Sequences highlighted with green dots were further co-
aligned (see (C)). (C) The positive (K) and negative (E) charges in the two variable stretches following in several repeats are shown exemplarily for the first KE-rich region
and co-aligned with the microtubule-binding motif of Arabidopsis MAP18. (D) In the two KE-rich regions, the similarity of both microtubule-binding Hsp90 proteins with
AtMAP18 is higher than with type I Hsp90 proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

with polymerized, taxol-stabilized bovine neurotubulin supple-
mented with BSA as a negative control of MT-binding activity,
proteins were co-sedimented through a sucrose cushion. Pelleted
MTs (P), the sucrose cushion (C), and the supernatant (S) containing
non-polymerized tubulin heterodimers and unbound NtHsp90_MT
were separated by SDS-PAGE and visualized by Coomassie Bril-
liant Blue (Fig. 3A). NtHsp90_MT sedimented in the presence, but
not in the absence of MTs (Fig. 3A, P). In contrast, BSA was exclu-
sively found in the soluble fractions (Fig. 3A and C and S), whether
MTs were present or not. These data suggest that NtHsp90_MT
co-sediments with MTs. A band at 30kDa apparent molecular
weight was observed in these samples, where Hsp90_MT was abun-
dant. MALDI analysis suggested that this band was a product of
the recombinant protein partial degradation (data not shown). As
Hsp90_MT binds to heterodimeric tubulin (see EPC-affinity chro-
matography), co-sedimentation with polymerized tubulin may be
masked by the presence of higher amounts of unpolymerized tubu-
lin. We therefore repeated the experiment described in Fig. 3A after
a supplemental ultracentrifugation step to remove all of the poten-
tially unpolymerized tubulin. The polymerized tubulin from the
pellet was resuspended in polymerizing buffer prior the incubation
with the recombinant NtHsp90_MT. This variation yielded a signif-
icantly higher amount of NtHsp90_MT co-sedimenting with MTs
(Fig. 3B, P) when compared to the supernatant (Fig. 3B, S, compare
with Fig. 3A), indicating that unpolymerized tubulin can bind to
recombinant Hsp90 and mask co-sedimentation with MTs.

As ATP binds to Hsp90 and regulates binding of its client pro-
teins (Pearl and Prodromou, 2000), a potentially similar behavior

for tobacco Hsp90_MT was hypothesized. To test whether ATP pro-
motes the MT-binding activity of NtHsp90_MT, a co-sedimentation
assay with the addition of ATP was performed. However, the
presence of ATP had no effect on the MT-binding activity of
NtHsp90_MT (data not shown). Further, we performed the in vitro
co-sedimentation assay in the presence of GDA (Fig. 3C). Binding
to Hsp90_MT ATP-binding domain, GDA did not prevent Hsp90_MT
binding to MTs, which is consistent with the previous result, where
ATP did not promote the MT-binding activity. The fact that GDA
did not interfere with MTs was also suggested in the MT co-
sedimentation assay, where cytosolic extract from GFP-Hsp90_MT
overexpressing cells was used (Supplemental Fig. S2]). We conclude
that another domain, possibly the KE-rich regions, but not the ATP
binding domain of Hsp90_MT, is responsible for direct MT-binding.

GFP-Hsp90_MT co-localizes with MTs in vivo and in situ

To test whether Hsp90_MT binds to MTs, tobacco BY-2 cell
lines overexpressing fusions between GFP and NtHsp90_MT or
OsHsp90_MT were established. The localization of the GFP fusions
of NtHsp90_MT (Fig. 4 and Supplemental Fig. S3) and OsHsp90_MT
(data not shown) were indistinguishable. As a negative control, a
line expressing free GFP was used (Fig. 4B). GFP-Hsp90_MT was
found to be localized mainly in the cytoplasm. However, struc-
tures resembling microtubular arrays were observed as well. For
instance, the Hsp90_MT signal was observed in an equatorial band
in cells preparing for mitosis (Supplemental Fig. S3A) reminiscent
of a PPB. In metaphase cells, the Hsp90_MT signal was found in
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Fig. 3. Purified recombinant Hsp90_MT binds to microtubules in vitro. (A) Purified recombinant protein NtHsp90_MT was incubated with taxol-stabilized microtubules,
supplemented with BSA as a negative control and centrifuged through a sucrose cushion. The microtubule pellet (P), the sucrose cushion (C), and the supernatant (S)
containing tubulin heterodimers and unbound NtHsp90_MT were separated by SDS-PAGE. NtHsp90_MT sedimented in the pellet in the presence of microtubules (P), whereas
BSA was exclusively found in the soluble fraction (C and S). (B) The same experiment as described in (A) with an additional centrifugation step of polymerized tubulin in
order to remove an excess of unpolymerized tubulin (see Materials and methods for details). An amount of unpolymerized tubulin in the supernatant (S) was decreased.
At the same time, more NtHsp90_MT was found in the pellet (P) when co-sedimented with microtubules. The amount of NtHsp90_MT in the pellet was negligible in the
absence of microtubules. (C) GDA does not prevent MT-binding activity of Hsp90_-MT in vitro. Purified recombinant protein NtHsp90_MT was incubated with taxol-stabilized
microtubules and GDA to test the inhibition of MT-binding activity. Experiments were performed at 37 °C to prevent MT depolymerization. NtHsp90_MT co-sedimented with
microtubules (P) also in the presence of GDA (first lane). Thus, GDA does not prevent Hsp90_MT to bind MTs in vitro.

a spindle-like pattern (Supplemental Fig. S3B), and a double-ring
that resembled a phragmoplast emerged in telophase cells (Fig. 4A,
Supplemental Fig. S3C, and Supplemental movie S5). Whereas free
GFP was distributed uniformly in the cell center during telophase
(Fig.4B), the GFP-Hsp90_MT revealed a characteristic interdigitated
structure and was confined to a narrower zone along the ensuing
cell plate (Fig. 4A, Supplemental Fig. S3C, and Supplemental movie
S5).

To test the presumed localization of Hsp90_MT to microtubular
structures shown in in vivo observations, MTs were immunostained
in both GFP-Hsp90_MT expressing lines. GFP-Hsp90_MT was found
to be localized in the cytoplasm and it clearly co-localized with MTs
in the phragmoplast (Fig. 4C and Supplemental Fig. S2C and S2I).
Less prominent but specific localization was observed in PPBs and

spindles (Supplemental Fig. S2A, S2B, S2G, and S2H). In contrast,
free GFP did not co-localize with MTs in the phragmoplast (Fig. 4D),
PPBs and spindles (Supplemental Fig. S2D and S2E). Again, no differ-
ences between NtHsp90_MT, (Fig. 4C and Supplemental Fig. S2A-C)
and OsHsp90_MT (Supplemental Fig. S2G-1) were detected.

We concluded that Hsp90_MT associates with microtubular
structures during cell division, most prominently with the phrag-
moplast.

GDA affects events requiring MT plasticity
To probe for potential cellular functions of Hsp90-MT-binding,

the phenotype of the GFP-NtHsp90_MT and the GFP-OsHsp90_MT
overexpressors was carefully analyzed. Viability, rates of cell
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GFP-NtHsp90

Free GFP

Fig. 4. Localization of Hsp90_MT on microtubules. (A) GFP-NtHsp90_MT in stably expressing tobacco cell line observed under confocal laser scanning microscope. Hsp90-MT
was found on microtubular structures of phragmoplast in telophase cells. (B) Free GFP expressing line, a telophase cell with a phragmoplast. GFP was not localized on
phragmoplast MTs. Scale bar 20 wm. (C) GFP-NtHsp90_MT-expressing line (green channel) with immunostained MTs (red channel). In telophase cells, GFP-NtHsp90_MT co-
localized with phragmoplast MTs. (D) GFP expressing line (green channel) with immunostained MTs (red channel). Phragmoplast MTs in telophase cells were not decorated

by GFP. Scale bar 15 pm.

division and cell elongation, and division synchrony (Maisch and
Nick, 2007) were not significantly different from non-transformed
BY-2 cells or from cells overexpressing free GFP (data not shown).
The only difference we were able to trace was a mildly increased
resistance to antimicrotubular drugs such as oryzalin and EPC (data
not shown), indicating a slightly decreased turnover of MTs. Hsp90
function was pharmacologically inhibited by GDA, a highly specific
and broadly used inhibitor of Hsp90 (Whitesell et al., 1994). GDA
binds to the ATP-binding pocket, preventing Hsp90 from perform-
ing its activity (Prodromou et al., 1997). The response of viability
in the two GFP-Hsp90_MT lines using the line overexpressing free
GFP and a non-transformed BY-2 (WT) as controls was followed.
Neither 0.178 wM GDA nor a ten-fold increased concentration of

1.78 M GDA induced any decrease in viability over a period of two
days (data not shown), indicating that these concentrations within
the effect-causing range (Queitsch et al., 2002) do not cause unspe-
cific toxicity. Importantly, mitotic activity was inhibited already
during the first 24 h of treatment (Fig. 50). Within a broad range
of GDA concentrations tested, 178 nM GDA was found to inhibit
mitosis more severely in control cells, whereas the Hsp90_MT
overexpressor showed higher resistance. 1.78 wM GDA, however,
blocked mitosis in both of the tested cell lines. This result indi-
cated the importance of Hsp90 in the cell cycle progression and
also showed that the elevated concentration of Hsp90 in GFP-
NtHsp90_MT overexpressing cell line induced greater resistance
of cells to GDA. In order to characterize the effect of GDA on cell
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Fig. 5. Events requiring microtubule plasticity are affected during specific Hsp90 inhibition by GDA. (A-]) Geldanamycin impairs the recovery of MTs after cold treatment in
tobacco cells. MTs immunostained in GFP-Hsp90_MT or GFP expressing cells are shown (A-]). After 1-h treatment with 0°C in the presence of 1.78 wM GDA and subsequent
recovery at 26 °C for 5 min, both the GFP-Hsp90_MT (E) and free GFP overexpressor (F) showed impaired MT recovery as compared to cells treated with cold in the absence
of GDA ((A) for GFP-Hsp90_MT overexpressor, (B) for free GFP overexpressor). GFP-Hsp90_MT overexpressor (C) showed higher resistance to 0,178 .M GDA when compared
with GFP overexpressor (D). 1-h treatment of GFP-Hsp90_MT (I) and free GFP expressing cells (J) with 1.78 wM GDA did not cause changes in MT organization when compared
to untreated GFP-Hsp90_MT (G) and free GFP (H). Scale bar 15 pm. (K-M) Immunostained cortical MTs (red channel) in membrane ghosts isolated from GFP-Hsp90_-MT
expressing lines (green channel). GFP-Hsp90-MT (L) decorates cortical MTs (K) (arrows in (L) and (K)). Merge picture (M). Scale bar 30 wm. (N) After the treatment with
0.178 wM GDA, more cells (y axis, in percent) with fully recovered MTs were found in GFP-Hsp90_MT overexpressor when compared with GFP overexpressor. In 1.78 uM
GDA, no fully recovered MTs were found in both GFP-Hsp90_MT and GFP overexpressor. Error bars=SE, n=6-19. (O) Mitotic activity was inhibited by GDA. 1.78 uM GDA
blocked mitosis already within the first 24 h of treatment in both cell lines, whereas non-transformed BY-2 cell line was more sensitive to 100 nM GDA. Hsp90: GFP-Hsp90_-MT
overexpressing line. Error bars =SE, n=6.

cycle progression, we synchronized BY-2 and GFP-Hsp90_MT over-
expressing cells (Supplemental Fig. S4). These results indicated that
GDA blocked the cell cycle progression in interphase, between the
G1 and S/G2 phases. Further, the flow cytometry of isolated nuclei
(using method described in Smetana et al., 2012) from treated and
untreated cells was used to specify the phase in which GDA blocks
the cell cycle progression. Because the number of cells in the G1
phase increased over S and G2 phase after 24 h of GDA treatment

when compared to untreated controls, we concluded that the cells
are blocked in G1 (Supplemental Fig. S4).

To probe for MT plasticity in the interphasic cortical array,
the influence of GDA on the recovery of cortical MTs after cold
shock was tested. Cold treatment efficiently eliminates cortical MTs
and some tubulin dimers are then sequestered into the nucleus
(Schwarzerova et al., 2006). Upon rewarming, a new cortical array
is reorganized from this sequestered tubulin pool within minutes.
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When Hsp90 is required for microtubular plasticity, inhibition of
Hsp90 activity by GDA is expected to become manifested during
this microtubular recovery from cold shock.

In vivo, the localization of Hsp90_MT was relatively cytosolic.
Therefore, localization with cortical MTs was tested by isolating
membrane ghosts from the GFP-Hsp90_MT overexpressor lines and
subsequent visualization of cortical MTs by immunofluorescence.
As the inner content of the cell was washed out, the background
of cytoplasmic GFP-Hsp90 was reduced such that the observation
of the cortical layer became easier. In fact, the GFP signal reporting
Hsp90_MT (Fig. 5L) decorating cortical MTs (Fig. 5K) was observed
and a merge of the two channels (Fig. 5M) confirmed the asso-
ciation. Thus, Hsp90_MT also binds to cortical MTs. The ability of
GFP-Hsp90_MT to interact with MTs was also confirmed using an
in vitro co-sedimentation assay (Supplemental Fig. S2]). Our results
indicated that the GFP tag did not interfere with MT-binding activ-
ity of the Hsp90 protein, because it was localized on MTs in vivo
(Fig. 4A) as well as on MTs in immunostained membrane ghosts
(Fig. 5K-M).

After this precondition of a potential function of Hsp90_MT for
the plasticity of cortical MTs was demonstrated, the effect of GDA
on microtubular recovery from cold-induced de-polymerization
in the GFP-NtHsp90_MT overexpressor was tested using the line
overexpressing free GFP as a control (Fig. 5A-]). First we exam-
ined whether the GDA treatment (1.78 M, 1 h, RT) per se affected
cortical MTs, but no differences between untreated cells (Fig. 5G
and H) versus GDA-treated cells (Fig. 51 and J) were observed.
Second, the cells were kept at 0°C for 1h for MT depolymeriza-
tion and then allowed to recover for 5 min at 26 °C before fixation
and immunostaining for MTs. The re-polymerization of MTs was
clearly impaired in the presence of GDA (Fig. 5C-F), whereas in the
absence of GDA, MTs re-established successfully (Fig. 5A and B).
Cells overexpressing GFP-NtHsp90_MT, however, showed greater
resistance to GDA (Fig. 5C). These cells re-polymerized MTs faster in
the presence of 178 nM GDA when compared to GFP overexpressor
(Fig. 5D), because significantly more cells showed fully polymer-
ized MTs after the recovery period (Fig. 5N). This indicated that
the overexpression of Hsp90_MT rendered MTs less susceptible to
GDA, probably due to greater amounts of functional Hsp90 assist-
ing in MT re-polymerization in cells treated with 178 nM GDA. In
accordance with this idea, a high concentration of GDA (1.78 wM)
prevented MTs recovery after cold shock in both GFP-NtHsp90_MT
(Fig. 5E) and GFP overexpressing cells (Fig. 5F). Despite the impaired
recovery within the first minutes in the presence of 1.78 wM GDA,
MTs were fully re-polymerized after 1h (data not shown) and the
GDA treatment did not affect viability over the subsequent days
(data not shown). Nevertheless, our results indicated that the inhi-
bition of Hsp90 using GDA affected early phases of rapid MTs
re-polymerization.

Discussion

In the last decades, Hsp90 has been shown to associate with MTs
in several studies. Similar to previous experiments (Freudenreich
and Nick, 1998), plant Hsp90 was co-purified with both polymer-
ized MTs and with soluble tubulin heterodimers in our study.
However, since cytosolic extracts were used, these approaches
did not reveal whether the interaction of Hsp90 with tubu-
lin is direct or mediated by other proteins. Similarly, evidence
based on immunofluorescence co-localization of plant Hsp90
with MTs (Petrasek et al.,, 1998) cannot discriminate between
direct and indirect MT-binding of Hsp90. An additional problem
with antibody-based approaches is highly probable cross-reactions
with different members of the Hsp90 gene family. In the current
work, we took advantage of the use of one specific plant Hsp90

associated with MTs (termed as NtHsp90_MT and OsHsp90_MT)
fused to GFP. The association was clearly demonstrated for phrag-
moplast MTs as well as for cortical MTs in membrane ghosts.
Since the GFP-tagged protein also cannot discriminate between
direct and indirect MT-binding, we used the recombinant tobacco
Hsp90_MT for the co-sedimentation with polymerized MTs in vitro
in the absence of other cytosolic proteins. This provides evidence
that the Hsp90_MT-MT interaction is direct. Since the addition of
ATP did not cause any changes in the binding of Hsp90_MT to
MTs in the in vitro co-sedimentation assay, the process is either
ATP-independent, as suggested previously (Jakob et al., 1995), or,
as proposed by Marcu et al. (2000), the GTP from the solution is
utilized. Further, GDA did not prevent the Hsp90_MT MT-binding
activity in vitro. Both of these results show that the ATP-binding
pocketis not the domaininvolved in the interaction between Hsp90
and MTs. The protein domain responsible for direct Hsp90-MTs
interaction remains to be characterized.

Studies of animal Hsp90 have been based on experiments using
cellular extracts and antibodies that did not discriminate between
different specific Hsp90s. The homologs of Hsp90 were observed
to associate with MTs in cilia and cortex of Tetrahymena cells
(Williams and Nelsen, 1997). In human cells, Hsp90 was recruited
preferentially on MTs containing acetylated tubulin (Giustiniani
et al., 2009). As a part of heterocomplex with client proteins and
immunophilin, Hsp90 is linked to dynein, the motor protein for
retrograde movement along MTs toward the nucleus (Galigniana
et al., 2004; Harrell et al., 2004; Pratt et al., 2004). Further, Hsp90
was reported to localize in Drosophila centrosomes (Lange et al.,
2000), and to be involved in the «y-tubulin ring assembly (Glover,
2005). Withrespect to these multiple MT-targeted functions of ani-
mal Hsp90, the Hsp90 interactions with plant MTs reported in our
study are likely to be accompanied by additional functions as well.
Moreover, the association of plant Hsp90_MT with MTs is transient,
of short duration and rather weak, which is indicated by the fact
that the Hsp90_MT signal on cortical MTs was manifested in mem-
brane ghosts, but was obscured in living cells. A similar short and
transient association of highly dynamic heterocomplexes medi-
ated by Hsp90 was also detected in mammalian cells (Pratt et al.,
1999). Interestingly, the ratio between Hsp90_MT co-sedimented
with MTs and that remaining in the supernatant can be shifted in
favor of MT co-sedimented recombinant protein, if unpolymerized
tubulinis removed from the reaction in anin vitro co-sedimentation
assay. Again, this indicates the ability of Hsp90_MT to bind soluble
tubulin heterodimers as well, as also suggested by our EPC-affinity
assay. Indeed, Hsp90 interacts with tubulin dimers in animal cells
(Sanchez et al., 1988; Weis et al., 2010). This putative binding of the
GFP-Hsp90_MT to tubulin heterodimers may hamper the observa-
tion of GFP-Hsp90_MT in living cells. Nevertheless, it will be very
interesting to characterize functions of Hsp90_MT bound to tubulin
dimers or to MTs.

We failed to observe any striking phenotype in lines that over-
expressed GFP-Hsp90_MT, with the exception of a slight decrease
in turn-over of MTs deduced from a small reduction in sensitivity
to the tubulin-sequestering drug oryzalin. Therefore, the specific
Hsp90 inhibitor GDA that binds to the ATP-binding pocket of Hsp90,
thus preventing the subsequent activation of Hsp90 client proteins
(Grenert et al., 1999; Prodromou et al., 1997), was used to identify
MT-driven functions of Hsp90s. We focused on events in which MTs
exhibit their plasticity, i.e. where the whole microtubular network
undergoes extensive remodeling. The re-constitution of cortical
MTs after their cold-induced de-polymerization (Pokorna et al.,
2004; Schwarzerova et al., 2006) represents such a situation. Since
Hsp90_MT in fusion with GFP was found to decorate immunola-
beled cortical MTs in membrane ghosts, recovery of cortical MTs
after cold treatment appeared to be a promising candidate. In
fact, the GDA-treated cells did not restore MTs properly. At room
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temperature, the same concentration of GDA had no effect on MTs
in control cells, indicating that Hsp90 is not required for MT orga-
nization per se, but becomes limiting under conditions of rapid
re-modeling. The fact that GDA as a specific inhibitor of Hsp90
affected MTs re-organization and that Hsp90_MT overexpressing
cells reconstituted MTs in the presence of GDA faster than control
cellsindicated that Hsp90_MT was indeed required for the plasticity
of MTs. This conclusion is also supported by our finding that Hsp90
is concentrated on phragmoplast MTs, where high MT growth and
assembly is required. However, the molecular mechanism of this
feature remains to be elucidated. Our results indicated that GDA
does not prevent Hsp90_MT from direct binding to MTs in vitro. The
interaction of Hsp90_MT with MTs might therefore be modulated
by other client and interacting proteins (for review, see Wegele
et al., 2004), whose binding to Hsp90_MT is affected by GDA bind-
ing to the ATP pocket. The search for these interaction factors will
be a primary goal in our future studies.

A similar role of Hsp90 in MT plasticity has also been reported
for Drosophila, where Hsp90 was reported as a core centroso-
mal component (Lange et al., 2000). Here, MTs in interphase
cultured animal cells were not affected by GDA treatment. How-
ever, spindles of mitotic cells were found to be aberrant due to
abnormal centrosomes formed in treated cells (Lange et al., 2000).
Salt-stripped Drosophila centrosomes failed to re-establish MT-
nucleating activity after GDA treatment (de Carcer et al., 2001).
It has also become clear that MT nucleation requires additional
Hsp90-interacting centrosomal proteins in animal cells, such as
Polo kinase in Drosophila (de Carcer, 2004; Glover, 2005) and Hsp90
is required to recruit Msps, a homolog of XMAP215/chTOG in
Drosophila, and cyclin B to centrosome in Drosophila and human
cells (Basto et al., 2007). Our results indicate that Hsp90_MT may
also play an important role in MT-nucleation sites in acentrosomal
plant cells, where nucleation of MTs seems to occur from dispersed
sites (Murata et al., 2005). It is also likely that in acentrosomal
cells, Hsp90 is acting in concert with other MT-nucleating proteins.
Therefore, further studies on the role of Hsp90 in MT-nucleation in
acentrosomal plant cells and further characterization of interacting
proteins might lead to better understanding of plant MT-nucleation
molecular mechanism. Our experiments with the Hsp90 inhibitor
GDA suggested that Hsp90 also plays role in the cell cycle progres-
sion. In non-plant cells, downstream effects of Hsp90 inhibition
include also cell cycle arrest in various stages of the cell cycle, where
molecular mechanisms of these effects probably differ depending
on the cell type (Zajac et al., 2008). Although it is likely that the role
of Hsp90 in the regulation of the cell cycle is widespread in eukary-
otic cells, the exact molecular mechanism of the effect of Hsp90
inhibition on the mitosis inhibition in tobacco cells needs further
investigation. Our results suggest that BY-2 cells are blocked in the
G1 phase. Therefore, GDA blocks the cell cycle progression before
mitotic array assembly in tobacco cells. It remains to be established
whether the MT-binding function of Hsp90 and the cell cycle pro-
gression block are related or independent processes controlled by
Hsp90.

The involvement of Hsp90_MT in MT remodeling might also
contribute to the role of Hsp90 as the morphogenetic capac-
itor described for A. thaliana (Queitsch et al., 2002). Since
re-orientations of cortical MTs precede and control the axis of cell
expansion via the orientation of cellulose synthesis (Paredez et al.,
2006), Hsp90_MTs are expected, under environmental constraints,
to act as limiting factors for plant morphogenesis. Therefore, the
link between phenotypic capacity and Hsp90_MT might be reveal-
ing.

Functional assignment is straightforward in cases where a
protein performs a unique task, such as catalyzing a step in a
metabolic pathway. Proteins that are ubiquitous and interact with
a large number of partners are more difficult to analyze, because

loss- and gain-of-function assays produce pleiotropic effects. This
often leads to the impression that these proteins do not perform
any specific function. However, it might be that these, at first sight
not very specific, proteins, are crucial for developmental and evolu-
tionary plasticity. By their multiple interactions, these proteins are
pacemakers for new interaction networks (Uhrig, 2006). In addi-
tion to their primary function, these proteins can fulfill several
“moonlighting” tasks that can evolve into a new main function in
a different functional context (Kurakin, 2005). Our central finding
that Hsp90_MT, as arelatively ubiquitous protein, will exert specific
effects under conditions of environmental constraints (microtubu-
lar recovery from cold stress) would be consistent with its role as
phenotypic capacitor (Queitsch et al., 2002).
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